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Abstract 
A combination of different non-destructive test methods is often necessary to receive 
reliable results for material characterization, flaw detection and the determination of 
component specific geometry parameters. Concerning concrete structures, thickness 
measurements combined with flaw detection and additional information about reinforcement 
and tendon ducts are needed. Therefore, a multi-sensor measurement approach is required 
with a high degree of automation. Otherwise a time consuming succession of manual 
measurements has to be performed which would prevent practical applications. Furthermore, 
the required information about material, flaws and component geometry is only gained when 
the multi-sensor data is combined for data analysis. Then high resolution results can be 
achieved. 
A modular control and data acquisition approach will be described and the application to 
two different automated measurement devices will be shown. The presented developments 
are results from two collaborative projects dealing with the development of an automobile 
robot system and a highly flexible scanner system. These different applications are based on a 
similar kernel allowing the modular use of different contact and non-contact sensors.  
This measurement approach leads to results in form of point data and time series. 
Furthermore, the coordinates of each measurement can be device dependent. Therefore, a 
flexible analysis concept is provided. The non-continuous grid spacing requires the use of 
interpolation and triangulation approaches. Since often only a combination of several 
methods will lead to significant results, the fusion of the analysed data must also be possible. 
Résumé 
Il est souvent nécessaire de combiner des essais non destructifs pour obtenir des résultats 
sur la caractérisation des matériaux et sur la détection des défauts. Pour les constructions en 
béton , les mesures de l’épaisseur combinées avec la détection des défauts et des informations 
supplémentaires sur les armatures et des gaines. Ainsi une approche de mesure multi-capteurs 
est appliquée de façon automatique. En plus l’information sur des matériaux, sur des défauts 
et sur la géométrie peut seulement être obtenue, si les données sont combinées pour l’analyse. 
De cette manière on obtient des résultats de haute résolution. 
On décrit un système modulaire de saisie de données et on montre l’application de deux 
équipements différents de mesurage est montrée. Ces conceptions sont des résultats de deux 
projets communs sur des robots et des scanners polyvalents. Ces applications différentes sont 
fixées sur le même support, qui permet d’utiliser différents capteurs avec et sans contact. 
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1 Introduction 
Cette approche donne des résultats sous forme de données ponctuelles et de séries de 
caractéristiques. De plus les coordonnées de chaque mesure peuvent être dépendantes de 
l’appareil. Pour cette raison le concept d’analyse est flexible. Puisque, souvent, seule une 
combinaison de méthodes différentes conduira à des résultats significatifs, la fusion des 
données doit alors être possible. 
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Data acquisition with multi-sensor systems has become an important approach for 
different research and application areas, mainly non-invasive and non-destructive 
investigations are required. A simple and well known example in the field of medical 
sciences is that in a certain case of disease a visual inspection is often combined with x-ray 
and ultrasound investigations. However, this is a manual approach related to the expert 
system doctor and performed stepwise. In case of technical applications an automated multi-
sensor approach is used where several sensors perform the measurements simultaneously. 
Examples can be found in geosciences especially in geophysics [1, 2] and in a variety of 
fields of engineering sciences using non-destructive testing (NDT) methods [3-6]. Fig. 1 
shows the principle parts of a multi-sensor approach which can be subdivided into three 
components: the combined sensors, the data acquisition and the data analysis. 
   
Figure 1.  Principle of multi-sensor data acquisition and analysis. 
The scheme of tasks where multi-sensor approaches are required is always similar. 
Generally ambiguous problems have to be solved which is usually not possible by using only 
one measurement method delivering one parameter. Therefore, different methods have to be 
applied and the combination of the results leads to a unique assessment. A technically 
combined approach reduces the inspection risk since the probability of detection of the 
investigated flaw increases and the costs are reduced. Niese et al. [5] e.g. show for pipeline 
inspection that a combination of an electromagnetic acoustic transducer with the eddy current 
technique and magnetic flux leakage is able to measure the wall thickness of a component as 
well as to determine the location of detected metal loss in the wall. An individual method 
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would not be able to deliver an unambiguous solution and therefore the probability of 
detection will be increased. 
The data analysis of multi-sensor measurement systems offers several possibilities 
depending on the type and quality of collected data. The most simple but often effective 
approach is a direct comparison of these results. An expert system e. g. in form of an 
inspector is required who correlates the different analysis results and performs the 
assessment. Furthermore, if clear assessment structures are given, an algorithmic expert 
system can also be used for an evaluation [7]. The next level of data analysis is data fusion. 
Data fusion is generally defined as the use of techniques that combine data from multiple 
sources and gather that information in order to achieve inferences, which will be more 
efficient and potentially more accurate than if they were achieved by means of a single source 
[8]. A variety of applications in the field of NDT already exists [9, 10]. Joint inversion or 
multi-objective optimization means the simultaneous minimization (or maximization) of 
several objective functions. Applied to NDT data this means finding a model that explains 
several data sets at once. Different approaches especially in geophysics are already well 
known and applied. It has to be distinguished between joint inversion approaches of data 
measuring the same physical property (e. g. travel time) and approaches where different 
physical properties of different methods are used. Then the critical point is to establish the 
relationships between the various physical properties [11]. 
The main emphasis in this paper is placed on the control and data acquisition of multi-
sensor systems and not on the different data analysis techniques described in the introduction. 
A modular concept for multi-sensor data acquisition will be described and two examples of 
recently developed multi-sensor systems will be shown. 
A modular concept for multi-sensor data acquisition 
The use of a multi-sensor approach requires a high flexibility of the data acquisition 
system. It has to be guaranteed that any combination of the implemented sensors can be 
chosen. Furthermore, it should be possible that supplementary sensors can be implemented in 
the modular data acquisition system, easily. In most cases this depends on an open protocol of 
the used digital interface (RS232, USB, ethernet) provided by the manufacturer of the 
measurement device. Usually there is no standard or documentation for data exchange of 
proprietary software in NDT devices as it exists for industrial instrumentation. 
For the applications in the field of civil engineering presented in this paper only multiple 
single channel sensors are used. However, in principle multi-channel sensors can be applied, 
too. In this case the data analysis has to work with a matrix of input data for each sensor (see 
e. g. [11]). 
The modularity of the data acquisition approach is guaranteed through a package oriented 
data transfer, which allows the combination of different sensors and computer platforms. 
Each module (computer or sensor) gets a unique source ID which guarantees a definite 
addressing. Tab. 1 shows the principle of multi-sensor multi-computer configuration.  
Table 1. Source ID allocation 
Module ID 
Computer 1 (e. g. position control)  1 
Computer 2 (e. g. data acquisition)  2 
Sensor 1  3 
Sensor 2  4 
… … 
Sensor N  N 
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Communication and data transfer are performed in form of package oriented data 
switching. These packages consist of a fixed header, a flexible data part and an attached 
checksum (Tab. 2). 
 
Table 2. Composition of the data transfer packages 
Package composition  [header].[data].[chksum] 
[header]  [src, dst, cmnd, len, pkno, flag] 
Src Source  ID 
Dst Destination  ID 
Cmnd  Type of data 
Len Data  length 
Pkno Package  number 
flag Other 
 
The header contains all information to enable a definite allocation of the data package. 
This avoids data loss and allows a reconstruction of the data if the data was transmitted in 
several files. The source ID is the sensor ID, destination ID means storage on a hard disc or 
container ID of a data base. Depending on the sensor the data can be collected in form of time 
series or as single values. This is specified in the type of data. Furthermore, it can be 
specified if the data is transferred as binary data or as text. However, for the applications 
described in the following a unified format for all sensors was defined. The length of the data 
is also specified. The package number guarantees the correct composition of data if it is 
transmitted in several files. 
Due to large plains the amount of collected data in civil engineering applications can be 
also very large. But the scanning velocities in these applications are usually not that high 
compared to other fields of NDT.This leads to moderate data transfer rates.  
The data is organized in a data base. This simplifies the composition of several 
measurement areas and the analysis of recurrent inspections.  
The described modular principle is used for two multi-sensor application systems 
described in the following. 
3  Two approaches for multi-sensor data acquisition in civil engineering 
The two multi-sensor applications presented in this section belong to two projects named 
BetoScan (self navigating robot scanner for concrete surface diagnosis) [12] and OSSCAR 
(automated non-destructive investigation of bridges using a manipulator) [13]. The described 
multi-sensor projects are applied with the aim to improve the data density and the data quality 
through sensor combinations. An additional benefit of these two approaches is the less time 
consuming automated data acquisition which is highly faster due to parallel aquisition and 
therefore less expensive than the manual state of the art procedures. 
3.1 An automobile multi-sensor robot system 
The BetoScan [14] system consists of a self navigating mobile robot (Fig. 1) which 
currently measures 8 parameters (Tab. 3). The system is especially designed for the 
investigation of reinforced concrete floors exposed to deicing salts. Currently two servers are 
placed on the robot, one is used for motion control and navigation, the second for data 
acquisition. Access and control of both servers are performed by a wireless LAN connection, 
a wired LAN connection onboard is used for internal socket communication between these 
servers. The user defines a measurement program in a graphical user interface on an external 
control laptop and uploads it wireless to the motion control server.  
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The sensors mounted on the robot and listed in Tab. 1 are commercially available. The 
modular data acquisition displays the raw data of the activated sensors during the 
measurements (Fig. 1). The data is stored on the data acquisition server and simultaneously 
transferred to the database on the control laptop. In case of data loss during the wireless 
transfer redundancy of the data is guaranteed. The raw data now can contemporary be 
evaluated. Whereas the data analysis is in this project is focused on data correlation only. 
Table 3. BetoScan measurement parameters and devices 
Air 
temperature 
and 
humidity 
Concrete 
humidity 
(surface) 
Concrete 
humidity 
(volume) 
Concrete 
coverage 
Concrete 
thickness 
measurements 
and detection of 
delaminations 
Geometrical 
information of 
reinforcement 
Corrosion 
risk 
Hytelog Hf  MOIST 
RP, 
microwave 
Hf MOIST 
PP, 
microwave 
Profometer, 
eddy current 
Acsys A1220, 
ultrasound 
Mala ProEx, 
radar 
Canin, 
potential 
(resistivity) 
     
Figure 2.  Left: the BetoScan self navigating multi-sensor robot system. Right: data 
acquisition software on the robot server handled via remote control. 
3.2 A multi-sensor scanner system 
The data acquisition of a multi-sensor scanner is similar to the robot approach described in 
section 3.2. Fig. 3 shows the scanner system (principle sketch and prototype). The sensors 
used here are: Profometer (eddy current testing for concrete coverage and rebar position), 
Acsys A1220 (ultrasound for geometrical information about the component especially about 
tendon ducts and flaws therein), Mala ProEx (radar for geometrical information of the 
component and the reinforcement). Two different sensor sledges can be used. One combining 
eddy current testing and radar and two ultrasound probes with a pneumatic contact control are 
mounted on the other one 
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Figure 3.  Left: Multi-sensor scanner and principle of data acquisition. Right: Scanner 
prototype mounted on a surface. 
The procedure for acquiring data is different form the self navigating robot approach. 
Here, with the scanner a constant plane is scanned and the scanner device is moved. 
Afterwards the data collected from the measurements on these planes is composed to get a 
coherent image of the region of interest. This leads to the application of data fusion and joint 
inversion concepts for reconstruction the elements under investigation. Therefore, the data is 
handled in a general data cube format. 
4 Conclusions   
Multi-sensor data acquisition systems using NDT sensors are always required when 
complex materials are investigated. Three major parts have to interact for a working system: 
the sensors, the data acquisition and the data analysis. The sensors should be chosen or 
modified in a way that an open protocol of the used digital interface is provided. The next 
important step is that a general modularity of the data acquisition system is required. 
Therefore, a package oriented data transfer is recommended which allows the combination of 
different sensors and computer platforms. Regarding the data analysis three different 
approaches can be applied: data correlation in case of a comparative analysis, data fusion in 
case of expecting an added value from merging data and joint inversion in case of finding a 
model that explains several data sets at once. 
The two multi-sensor applications which are presented (self navigating robot scanner for 
concrete surface diagnosis [12] and automated non-destructive investigation of bridges using 
a manipulator [13]) show the type of inspection dependent realization of a general multi 
sensor concept. These applications are designed for the investigation of reinforced concrete 
and tendon ducts. The advantage of an automated multi-sensor analysis is that large surfaces 
can be investigated in short times and the measurements are of reproducible quality. This 
guarantees the data quality for recurrent inspections. However, the general concept of multi-
sensor data acquisition and data analysis presented here is not limited to the field of civil 
engineering applications. Due to the different sensors required for a complete survey of an 
investigated area an online analysis will not be possible. Therefore the described multi-sensor 
approach is restricted to an offline analysis. 
Multi-sensor applications offer better inspection possibilities for complex material and 
constructions. Especially in case of subordinated assessments reliable data sets including 
geometrical and material state information can be guaranteed. The data analysis of multi-
sensor measurements still offers a variety of research capabilities and the simplification of 
sensor changes (hardware and software adaptations) are under current investigation. 
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